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ABSTRACT Plasmodium falciparum merozoite surface protein 3 (MSP3) is an abun-

dantly expressed secreted merozoite surface protein and a leading malaria vaccine

candidate antigen. However, it is unclear how MSP3 is retained on the surface of

merozoites without a glycosylphosphatidylinositol (GPI) anchor or a transmembrane

domain. In the present study, we identified an MSP3-associated network on the Plas-

modium merozoite surface by immunoprecipitation of Plasmodium merozoite lysate

using antibody to the N terminus of MSP3 (anti-MSP3N) followed by mass spectrom-

etry analysis. The results suggested the association of MSP3 with other merozoite

surface proteins: MSP1, MSP6, MSP7, RAP2, and SERA5. Protein-protein interaction

studies by enzyme-linked immunosorbent assay (ELISA) and surface plasmon resonance

(SPR) analysis showed that MSP3 complex consists of MSP1, MSP6, and MSP7 pro-

teins. Immunological characterization of MSP3 revealed that MSP3N is strongly Received 25 January 2018 Returned for
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investment in new and improved control tools. Malaria vaccines hold the potential to
dramatically alleviate the burden of malaria that has proven very difficult to roll back.
Plasmodium falciparum merozoites, the parasite form that invades erythrocytes, are
exposed to circulating antibodies, which make merozoite surface proteins (MSPs) likely
targets of naturally acquired immunity (NAI) (2, 3). Accordingly, several MSPs have been
associated with protection against clinical malaria in longitudinal cohort studies (4). The
mechanisms through which immunity is conferred remain unknown; however, some
data indicate that antibody-dependent cellular inhibition (ADCI) (5, 6), opsonic phago-
cytosis (OP) (7, 8), and complement-mediated lysis (9) may play a role. Of these immune
mechanisms, both ADCl and OP are initiated by antibody-mediated opsonization of free
merozoites (10).

A number of MSPs, such as MSP1, MSP4, MSP5, and MSP10, are anchored to the
merozoite membrane (11, 12), while others, such as MSP6, MSP7, and MSP9, are
attached to the merozoite surface through protein-protein interactions (13-15). Some
of these MSPs bind human erythrocytes and play a role in the invasion of red cells (9,
16). P. falciparum MSP3 (PfMSP3; previously identified as a secreted polymorphic
antigen associated with merozoites [SPAM]) is an ~43-kDa soluble protein associated
with the merozoite membrane surface. MSP3 was first identified as a target of hyper-
immune serum from Papua New Guinea and later as a target of antibodies effective in
ADCI (17, 18). The deduced amino acid sequence of MSP3 predicts several domains (19):
an N-terminal signal peptide sequence, a central domain of imperfect Ala heptad
repeats, a second central domain rich in Glu residues, and a C-terminal region that
contains a leucine zipper-like motif (17, 19, 20). While the C-terminal domain of MSP3
(MSP3C; corresponding to amino acids [aa] 196 to 379 in the K1 allele sequence) is
relatively conserved, the N-terminal region (corresponding to aa 52 to 195 of K1 MSP3)
is polymorphic, with many amino acid substitutions and several large indels (21). These
polymorphisms define two major allele types, K1 and 3D7 (22). Biophysical studies
suggest that the full-length MSP3 forms elongated oligomeric structures through
protein-protein interactions between residues in the C-terminal region (12, 19, 23).
Studies performed on long, synthetic peptides from the oligomeric region suggested
that the C-terminal residues may be involved in erythrocyte binding activity. The
C-terminal region of MSP3 has also been reported to be involved in trafficking of MSP9
(15). However, it is still not clear that how MSP3 is staged onto the merozoite surface,
despite the absence of a terminal domain as well as a glycosylphosphatidylinositol (GPI)
anchor sequence.

Several lines of evidence have suggested that MSP3 is a strong vaccine candidate
antigen. First, seroepidemiological studies have demonstrated that levels of MSP3-
specific antibodies are associated with protection against clinical malaria (9, 18, 24-31).
Second, functional studies have demonstrated that MSP3-specific antibodies have the
capacity to kill the parasite in vitro (8, 18). Third, the clinical trials of MSP3-based
vaccines suggest that MSP3 may elicit at least partial protective immunity in humans
(32, 33). In the present study, we performed immunoprecipitation (IP) of P. falciparum
merozoite lysate with antibodies raised against MSP3 consisting of aa 21 to 238
(MSP3,,_535, or MSP3N) and identified an MSP3-associated protein complex. In vitro
protein-protein interaction techniques validated the association of proteins associated
with MSP3 complex. Further, we performed human antibody-mediated protective
efficacy studies that suggest the MSP3N region as a target of biologically active
antibodies.

RESULTS

MSP3 localizes on merozoite surface in association with MSP1,;, MSP6, and
MSP7. To analyze the localization of MSP3 and its interactions with other proteins on
the merozoite surface, we produced a His-tagged recombinant protein, MSP3N, en-
compassing amino acid residues 21 to 238 (Fig. 1A). Recombinant MSP3N (rMSP3N) was
solubilized in 8 M urea, purified on a Ni-nitrilotriacetic acid (Ni-NTA™) column, and
refolded by gradual removal of urea by dialysis. Refolded rMSP3N migrated as a single
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FIG 1 Expression and localization of rMSP3N in P. falciparum asexual blood stages. (A) Schematic diagram showing the organization of PfMSP3.
Numbers represent amino acid positions. (B) Coomassie-stained SDS-PAGE gel and |mmunob|ot showing the purified rMSP3N are shown at left
(i). At right, an SDS-PAGE gel and Western blot show migration of rMSP3N in reduced and nonreduced dye (ii). Lane M, molecular mass marker.
(C) Western blot showing recognition of native PfMSP3 antigen in merozoite lysate by mouse anti-rMSP3N antibodies. (D) Confocal images
showing immunostaining in asexual blood stage of P. falciparum using anti-rMSP3N mouse serum. Row i, merozoite stage; row ii, schizont stage.
TD, transmitted light channel. Imaris software was used to convert confocal images into clear informative schematics.

protein band of ~34 kDa under reducing conditions and as two bands of ~30 kDa and
~70 kDa under nonreducing conditions (Fig. 1B). The ~70-kDa protein species repre-
sents a dimer, formed through an intermolecular disulfide bond at Cys, 5, and both of
these MSP3 species of rIMSP3N were recognized by anti-His antibodies (Fig. 1B). Specific
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TABLE 1 Identification of Plasmodium falciparum malarial proteins

Infection and Immunity

Protein % sequence No. of unique

Locus tag? name coverage® Score®  peptides® Peptide sequences©

PF3D7_0930300 PfMSP-1 35.04 802.83 53 FNIDSLFTDPLELEYYLR, TLSEVSIQTEDNYANLEK, LEALEDAVLTGYSLFQK,
YLIDGYEEINELLYK, EAEIAETENTLENTK, LLEVYNLTPEEENELK,
FSSSNNSVYNVQK, LLSTGLVQNFPNTIISK, FLPFLTNIETLYNNLVNK,
KLEALEDAVLTGYSLFQK, LNSLNNPHNVLQNFSVFFNK, NNDTYFNDDIK,
LNFYFDLLR, VTTVVTPPQPDVTPSPLSVR, SYENFLPEAK, IDDYLINLK,
LNDNLHLGK, YYNGESSPLK, FYENILK

PF3D7_0207600 PfSERA5 13.96 135.37 1 LPSNGTTGEQGSSTGTVR, TNNAISFESNSGSLEK, cDTLASNcFLSGNFNIEK

PF3D7_1035400 PfMSP-3 19.56 47.29 5 EASSYDYILGWEFGGGVPEHK, GNNQIDSTLKDLVEELSK, GNNQIDSTLK

PF3D7_0207700 PfSERA4 15.85 89.67 11 NSYVYGQDTTPVENEAPR, YNHEFEVGDNScSR

PF3D7_1035500 PfMSP6 13.0 38.38 3 YSSPSDINAQNLISNK, KPDNEITNEVK, NEIDSTINNLVQEMIHLFSNN

PF3D7_0501600 PfRAP2 15.7 50.83 4 DINPLFINDFILILNDK, ENYYNSDIAGPAR, YTEISVLNYVR

PF3D7_1335100 MSP7 21.15 90.76 7 NEQEISTQGQEVQKPAQGGESTFQK, INLDEYGK, EYEDFVLNSK

aProteins from P. falciparum 3D7 were identified by LC-MS/MS analysis of immunoprecipitates from merozoite lysate using anti-MSP3N antibody.

bValues are the averages of four experiments or (for PfMSP6) three experiments.
<Common peptides in four experiments or (for PMSP6) three experiments.

antibodies were generated against rMSP3N in mice and rabbits. Purified anti-MSP3N
antibodies recognized a band of ~68 kDa in the merozoite extract (Fig. 1C), corre-
sponding to native MSP3. As expected, an immunofluorescence assay (IFA) with mouse
anti-rMSP3N antibodies localized MSP3 over the entire surface of P. falciparum mero-
zoites (Fig. 1D). To determine whether MSP3 is associated with the merozoite surface
through protein-protein interactions, we isolated MSP3-associated protein complexes
through immunoprecipitation using anti-MSP3N sera from both rabbits and mice. The
liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis of four inde-
pendent immunoprecipitation experiments showed that MSP3 is associated with other
merozoite surface proteins (Tables 1 and 2). The proteins detected in at least three
experiments are represented in Table 1. The association of MSP3 with other proteins
identified by immunoprecipitation and mass spectrometry analysis was further evalu-
ated by other biochemical methods. For the interaction analysis, the C-terminal region
of MSP6 consisting of C-terminal residues 161 to 373 (MSP6C, ,_35,), MSP7C,45_35,, and
residues 22 to 298 of RAP2 (RAP2,, o5) were produced in Escherichia coli (see Fig. S2
in the supplemental material) and subsequently used to generate specific antisera in
mice and rabbits. Fragments of MSP1 protein consisting of aa 1052 to 1664, designated
MSP1,5, and SERA5S (serine repeat antigen 5) were generated as described previously
(28, 34). The five antisera were used to study the colocalization of these proteins on
merozoites using immunofluorescence assay (IFA). MSP3 was found to colocalize with
MSP1,5, MSP6C, MSP7C, and RAP2 (Fig. 2A). The IFA studies on MSP3N showed the
highest colocalization with MSP1,, followed by MSP6C, MSP7C, and RAP2 (Pearson’s
correlation coefficients of 0.73, 0.65, 0.69, and 0.55, respectively). To prove that these

TABLE 2 Representation of the proteins identified by LC-MS/MS analysis after
immunoprecipitation

IP using anti-MSP3N antiserum from:®

Rabbit Mouse
Locus tag? Protein name Expt. 1 Expt. 2 Expt. 1 Expt. 2
PF3D7_0930300 MSP1 + + + +
PF3D7_0207600 SERA5 + + + +
PF3D7_1035400 MSP3 + + + +
PF3D7_0207700 SERA4 + + + +
PF3D7_103550 MSP6 + - + +
PF3D7_0501600 RAP2 + + + +
PF3D7_1335100 MSP7 + + + +

aProteins were identified from P. falciparum 3D7.
bSpecific antibodies were generated against rMSP3N in mice and rabbits. None of these proteins were
detected by preimmune rabbit or mouse antiserum.
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FIG 2 Association of rMSP3N with merozoite-expressed proteins. (A) Colocalization studies on Plasmodium falciparum merozoite-stage parasites
using immunofluorescence assay. TD, transmitted light channel; Ab, antibody. Imaris software was used to convert confocal images into clear
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proteins form part of a single protein complex, parasite invasion supernatant was run
on a blue native PAGE (BN-PAGE) gel and subjected to immunoblot analysis. Anti-
MSP3N, anti-MSP6C, and anti-MSP7C antibodies recognized a similarly sized band of
~150 kDa, suggesting the existence of a protein complex that is shed during the
invasion process (Fig. 2B). P. falciparum ClpQ (PfClpQ), an apicoplast parasite protein,
served as a negative control. Taken together, these results suggest that MSP3 partici-
pates in one or more complexes with MSP1,,, MSP6, and MSP7 on the merozoite
surface.

In vitro protein-protein interaction between MSP3 and other merozoite sur-
face/rhoptry proteins confirms their association with the merozoite surface. To
confirm the MSP3-associated interactome, protein-protein interaction analysis between
MSP3 and MSP1,s, MSP6, MSP7, RAP2, or SERA5 was performed by an enzyme-linked
immunosorbent assay (ELISA) protein binding assay and surface plasmon resonance
(SPR). For the ELISA-based protein-protein interaction analysis, 96-well ELISA plates
were coated with rMSP3N, followed by the addition of increasing concentrations of the
prey proteins rMSP14,, rMSP6C, rMSP7C, rRAP2, and rSERAS. The respective interactions
were analyzed using specific antibodies against prey proteins. A concentration-
dependent binding between rMSP3N and the prey proteins rMSP1,s, rMSP6C, and
rMSP7C was observed (Fig. 3A). In contrast, recombinant RAP2, SERA5, and a MutL
homolog (MLH, nonspecific protein) did not show interactions with rMSP3N even at the
highest concentrations used. To quantitate the interaction between rMSP3N and
rMSP1¢s, rMSP3N and rMSP6C, and rMSP3N and rMSP7C, SPR analysis was performed.
For the SPR analysis either rMSP145 or rMSP3N was immobilized on CM5 chips.
Recombinant MSP3N was injected over immobilized rMSP1,,, and rMSP6C, rMSP7C,
rRAP2, and rSERA5 were injected over immobilized rMSP3N. Recombinant MSP3 bound
to rMSP1,5 and rMSP7C in a dose-dependent manner, with equilibrium dissociation
constants (K,) of 531 X 1077 M and 5.89 X 10~7 M, respectively (Fig. 3B). The
interaction between rMSP3N and rMSP6C in SPR was moderate, with a K, value of
2.47 X 10— M (Fig. 3B). Recombinant RAP2 and rSERA5 did not show any binding to
rMSP3N in the SPR analysis (Fig. S4). Together, these results demonstrated that MSP3
is part of a merozoite surface protein complex consisting of MSP1,5, MSP6, and MSP7.

Seroprevalence of MSP3 antibodies during natural malaria infection. The anti-
genicity of MSP3N was assessed using serum collected from regions in Africa and India
where malaria is endemic. Twenty-one out of 28 (75%) Liberian samples and 19 out of
28 (67.9%) Indian samples were seropositive for rMSP3N (Fig. 4), suggesting that the
N-terminal region of MSP3 is well recognized during natural P. falciparum infection in
geographically distinct locations.

Functional analysis of rMSP3N-specific antibodies. The biological activity of
MSP3N-specific antibodies was assessed by opsonic phagocytosis assay (OPA) of mero-
zoites and an in vitro growth inhibition assay (GIA). MSP3N-specific IgG antibodies were
affinity purified from a pool of Liberian serum samples. MSP3N-specific antibodies
showed strong opsonizing activity for intact merozoites (53%) compared to that for
unopsonized control merozoites (7%) at a final concentration of 0.035 mg/ml (Fig. 5A).
Single-factor analysis of variance (ANOVA) was performed to statistically evaluate the
obtained results (Tables S3A and B). This activity was observed in three important levels
of phagocytosis with MSP3N-specific human antibodies matching the levels observed
with total IgG (0.035 mg/ml) purified from the same malaria-hyperimmune Liberian
adults (Fig. 5A). In comparison, low levels of opsonizing activity were detected with
human antibodies affinity purified against recombinant P. falciparum apical asparagine-
rich protein (PfAARP) and rPfs41 (Fig. 5A) as these antigens are localized internally in
the parasite and are less exposed to the host immune system. To examine whether the

FIG 2 Legend (Continued)
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informative schematics. (B) Western blot analysis of invasion supernatant to find the existence of the merozoite surface protein complex shed

during parasite invasion. PfClpQ is a negative control.
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FIG 3 Existence of a merozoite surface protein complex in P. falciparum asexual blood stages. (A) ELISA binding analysis, confirming
concentration-dependent interaction of rMSP3N with rMSP165, rMSP7C, and rMSP6C while rRAP2, rSERA5, and rMLH did not show any
binding to rMSP3N even at the highest concentrations (Conc). Bars represent the SEM, calculated from two sets of experiments. (B) SPR
analysis showing interaction between rMSP3N and rMSP165 and between rMSP7C and rMSP6C. K, is the dissociation constant

representing the measure of affinities.

MSP3N-specific antibodies also had a direct growth-inhibitory effect, increasing con-
centrations of purified human antibodies were added to a highly synchronized P.
falciparum culture at the late schizont stage. At 36 h postinfection (hpi), MSP3N-specific
antibodies significantly inhibited parasite invasion in a concentration-dependent man-
ner, with 36.8% and 57.9% inhibition at 3.5 and 7.0 mg/ml, respectively (Fig. 5B and
Tables S4A and B). To confirm the growth-inhibitory effects of the human antibodies,
GIA was repeated with rabbit anti-MSP3N antibodies. A maximum of 35% inhibition
was observed at a concentration of 8 mg/ml (Fig. 5C and Tables S5A and B), suggesting
that MSP3N-specific antibodies promote GIA at nonphysiological concentrations. In
contrast, total IgGs from preimmune rabbits and purified human antibodies against
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FIG 4 Naturally acquired humoral IgGs against rMSP3N in Indian and Liberian populations. ELISA was
performed to check seroprevalence against rMSP3N in 28 naturally infected sera from areas of malaria
endemicity in Liberia and India. The dotted line represents positivity threshold limits calculated by mean
relativities plus twice the SEM of results from 28 serum samples from Danish nonimmune volunteers.

rhoptry protein rRhopH3N showed <10% invasion inhibition (Fig. 5B). The results
demonstrate that high levels of neutralizing antibodies are generated against MSP3N
during natural P. falciparum infection. Together, these results show that MSP3N gen-
erates phagocytosis as well as humoral responses during natural infections.

DISCUSSION

Among the several merozoite surface antigens that are being considered for malaria
vaccine development, merozoite surface protein 3 is well studied for its role in
antibody-dependent cellular inhibition and therefore is considered one of the leading
malaria vaccine candidate antigens (9, 31, 35-38). Although PfMSP3 is abundantly
expressed on the merozoite surface, it is still uncertain how this protein is associated
with the merozoite surface. To establish the PfMSP3-associated network on the Plas-
modium merozoite surface, we carried out a detailed protein-protein interaction anal-
ysis by performing immuno-pulldown of parasite lysate proteins using antibodies
against an rMSP3 N-terminal fragment, a technique previously used to identify protein-
protein interactions (28, 34, 39, 40). Five parasite proteins, MSP1, MSP6, MSP7, RAP2,
and SERAS5, which may be directly or indirectly involved in the invasion process were
identified together with MSP3 in four independent LC-MS/MS experiments. Out of
these five proteins, MSP1 showed the highest confidence score, thereby indicating that
PfMSP1 may be the anchor protein on the merozoite surface to which MSP3 is
associated. The interaction between PfMSP3 and PfMSP1 has been reported previously
(16). Recently Lin et al. reported two separate complexes of processed MSP1 fragments,
p38/p30 (102 kDa) and p38/p42 (89.7 kDa), which serve as the backbone for forming
multiprotein complexes of various sizes on the merozoite surface (16), and MSP3 was
found to be associated with p83/p30 and p38/p42 MSP1 complexes individually or in
combination with other merozoite proteins on the surface of merozoites (16, 41-43).
Our results further supported the existence of MSP1-MSP3 complex on the merozoite
surface. To further validate the association of the MSP3 complex, we next applied two
protein-protein interaction techniques, ELISA binding assays and SPR analysis, using
recombinant MSP1,5, MSP6C, MSP7C, RAP2, and SERA5 proteins. Both of these tech-
nigques demonstrated strong interaction of rMSP3N with rMSP 1., rMSP6C, and rMSP7C.
In contrast, we did not observe interactions between MSP3N and rRAP2 or rSERAS5.
Together, these results indicated a protein complex consisting of MSP 14, MSP3, MSP6,
and MSP7 on the merozoite surface. An interesting finding of the study was that the
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FIG 5 Biofunctional assays on rMSP3N to evaluate vaccine efficacy. (A) Bar graph showing percentage of
opsonic phagocytosis of merozoites by THP-1 cells mediated by either test or control antibodies at a
0.035-mg/ml concentration. Human MSP3N-specific purified antibodies promoted strong opsonic phago-
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expressed as the average of triplicate measurements with standard errors of the means. HIG, hyperimmune
immunoglobulin G; NIG, malaria-naive immunoglobulin G; UOP, unopsonized merozoites; MSP, merozoite
surface protein; hAb, human antibody. (B) Line graph showing invasion inhibition assay on schizont-stage
parasites using rabbit anti-rMSP3N total purified IgG at increasing concentrations; rabbit preimmune total
1gG served as a negative control. (C) Line graph representing invasion inhibition using anti-MSP3N human
1gGs and merozoite-PfRhopH3N human antibodies in a concentration-dependent manner. FACS analysis
was done to determine parasitemia after 40 h of incubation. Bars indicate SEM of duplicate measurements.

PfMSP1,s protein that contains p38 and p33 domains was involved in the interaction
between MSP3N and MSP1,. Another finding of the present study is that the MSP3
N-terminal region (aa 21 to 238) is mainly involved in the interaction with PfMSP1.
These results are in line with previous reports suggesting that MSP3 exists in a complex
as an elongated dimer/tetramer on the merozoite surface and that its coiled-coil
domain-adherent structure that is represented by its N-terminal domain is mainly
involved in formation of various large complexes with other proteins on the merozoite
surface (12, 16, 19, 26). The long, extended fibrillary nature of the MSP3 molecule
complexed with other GPl-anchored or non-GPl-anchored merozoite surface proteins
thus allows flexibility of the merozoite complex of proteins to trap or reach the ligands
of the erythrocytes (5, 8, 24, 31, 35-38). A number of previous studies have identified
the C-terminal region (aa 184 to 252) of MSP3 as a target of protective antibody
responses (9, 21, 30, 38, 44, 45). Since the recombinant MSP3 protein used here covers
the N-terminal region, a serological analysis was performed to confirm its antigenicity
using serum samples from India and Liberia. We found a high prevalence of IgG
antibodies against rMSP3N in both populations. The higher seroprevalence in Liberian
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(73%) than in Indian (63%) samples is in agreement with Liberia being an area of
hyperendemicity and the blood donors having attained solid immunity against clinical
malaria (46). Antibodies against multiple merozoite surface antigens, including MSP2,
MSP3, and glutamate-rich protein (GLURP), seems, at least in part, to mediate their
functional activities in collaboration with blood monocytes (7, 8, 10, 18). Our finding
that antibodies against the K1 allelic version of MSP3 promote strong opsonic phago-
cytosis of freshly purified merozoites extends functional studies of MSP3 IgG from
Kenyan individuals (7, 8). We found more than 54% phagocytosis of merozoites
opsonized with human MSP3N IgG at 0.035 mg/ml, which is clearly within the physi-
ological range in this population where malaria is endemic. More generally, some
studies seem to suggest the benefit of using conserved merozoite antigenic domains,
due to their cross-reactive nature, for vaccine development (47); others have high-
lighted the importance of combining conserved and polymorphic regions for an
effective vaccine (48). Our results support the notion that polymorphic domains of
MSP3 may also be important as they are targets of opsonizing antibodies. Recently, we
have shown that a hybrid protein (GMZ2) composed of MSP3 and GLURP elicits modest
(14%) protection against clinical malaria in a multicenter phase 2 efficacy trial (32, 33).
Whether this protective immunity was mediated by opsonizing antibodies against
MSP3 or GLURP remains to be investigated. Of interest was the finding that the deletion
of MSP3 did not affect the opsonizing activity of total IgG (47), suggesting that multiple
antibody specificities act in concert.

Since antibodies against MSPs have been found to mediate direct inhibition of
merozoite invasion, both human and rabbit antibodies against MSP3N were tested in
the GIA (11, 16, 18, 25-27, 40-42, 45, 49, 50). Both of the antibody preparations showed
moderate inhibition of parasite growth at very high antibody concentrations, suggest-
ing that MSP3-specific antibodies do not play a major role in invasion inhibition during
natural infection. In contrast, our results confirm and extend previous studies suggest-
ing that antibodies to MSP3 (and other MSPs) promote their protective effects through
collaboration with monocytes. Whether antibodies against MSP3 also promote
neutrophil-mediated effector mechanisms, including phagocytosis and respiratory
burst or complement-mediated lysis, is unknown.

In conclusion, we have demonstrated that MSP3 is retained on the merozoite
surface by associating with a network of merozoite surface proteins. We further show
that the N-terminal region of MSP3 (aa 21 to 238) is an important immunogen that
generates protective immune responses against malaria, mainly through cooperation
with immune cells. Taken together, our data advocate the inclusion of MSP3 in future
malaria subunit vaccine(s).

MATERIALS AND METHODS

In vitro P. falciparum culture. P. falciparum strain 3D7 was cultured on human erythrocytes (4%
hematocrit) in RPMI 1640 medium (Invitrogen) supplemented with 10% O* human serum using the
standard protocol described by Trager and Jensen (51). Parasite cultures were synchronized by two
consecutive sorbitol treatments at intervals of 4 h, following a protocol described previously (52). P.
falciparum 3D7 merozoite isolation was done as described previously (53). Briefly, highly synchronized P.
falciparum 3D7 strains were grown in vitro at high parasitemia in 2% hematocrit and allowed to mature
into late schizonts followed by release of merozoites (40, 53). P. falciparum NF54 merozoites used in
opsonic phagocytosis assays were isolated as described previously (7).

Cloning of MSP3N,,_,55, RAP2,, .55, MSP6C, ¢, 5,,, and MSP7C,,; ..,. The recombinant gene
fragments MSP6C, 4,55, MSP7C, s 55,, and RAP2,, .o, were PCR amplified from P. falciparum genomic
DNA using primer pairs given in Table S1 in the supplemental material and cloned into the pGEMT vector
(Promega Corp., USA). Subsequently, the RAP2 fragment was subcloned into pET-28b vector between
Ncol and Xhol restriction sites. The MSP6C and MSP7C fragments were ligated into pET-28a vector
between BamHI and Xhol restriction sites. The expression clone of the MSP3N,,_,5, fragment in pET-28a
was borrowed from Imam et al. (26).

Expression and purification of recombinant proteins. The large N-terminal fragment of MSP3N in
a pET-28a expression construct was transformed into SHuffle T7 competent E. coli cells (NEB) for
expression; the cells were induced with 0.5 mM isopropyl-p-thiogalactopyranoside (IPTG) (Sigma Chem-
ical Co.) for 8 h at 30°C. The induced cell pellet was disrupted by sonication in Tris-NaCl lysis buffer (0.05
M Tris, pH 8.0, and 0.15 M NaCl, 0.01 M dithiothreitol [DTT], 1 mM phenylmethylsulfonyl fluoride [PMSF],
1% Triton X-100) with 9-s pulses at 9-s intervals 10 times using a miniprobe. The soluble and insoluble
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fractions were separated by centrifugation at 12,000 X g for 30 min and analyzed by SDS-PAGE. The
MSP3N protein was found expressed in the insoluble fractions. The insoluble fractions were washed four
times with Tris-NaCl lysis buffer without Triton X-100. The inclusion bodies thus obtained were solubi-
lized in 8 M urea buffer (0.5 M Tris, 0.150 M NaCl). The suspension was incubated for 1 h at room
temperature (RT) and then centrifuged at 12,000 X g for 30 min at 4°C. The supernatant containing
solubilized protein was kept for binding with Ni-NTA* resin for 1 to 2 h at RT with constant shaking. After
binding, the suspension was packed in a purification column, and flowthrough was collected. The resin
was washed four times with 8 M urea buffer containing 10 mM imidazole. Bound protein(s) eluted in 8
M urea buffer containing different concentrations of imidazole. Eluted protein fractions were analyzed by
12% SDS-PAGE. The pure eluted protein fractions were pooled and concentrated to proceed to the
refolding process. The refolding method was adopted from a standard universal protocol described by
Tsumoto et al. (54). The protein was refolded gradually by decreasing the urea concentration in the
refolding buffer (0.05 M Tris, pH 8, T mM EDTA, 0.5 M arginine, 0.4 mM Triton X-100, 1 mM reduced
glutathione, 0.5 mM oxidized glutathione). Urea concentration was gradually decreased by dialyzing the
protein at every 2 h in refolding buffers containing 6 M, 4 M, 2 M, and 1 M urea, and finally the refolded
proteins were concentrated and dialyzed against 0.05 M Tris, pH 8, and 0.15 M NaCl and stored at —80°C.
The purified protein was analyzed on a 12% SDS polyacrylamide gel under both reducing and nonre-
ducing conditions (26). The expression vector construct of the RAP2 gene in the pET-28b vector was
expressed in BL21(DE3) cells using 0.5 mM IPTG for 6 h. The recombinant RAP2 protein was found
expressed in the insoluble fraction, so the purification and refolding were carried out as described for the
rMSP3N protein. The pET-28a vector constructs containing MSP6C and the MSP7C fragment were
transformed into Rosetta (DE3) cells and induced with 0.5 mM IPTG for 8 h at 37 °C. The induced cell
pellet was disrupted similarly as described above for the proteins. Both of the proteins were present in
the soluble fractions. The supernatant was allowed to bind Ni-NTA* resin for 2 h to proceed to affinity
purification. Imidazole at 10 mM in Tris-NaCl lysis buffer without Triton X-100 at pH 8 was used for
washing the protein-bound Ni-NTA* resin. The pure protein fractions were eluted using various
imidazole concentrations (50 mM, 100 mM, 250 mM, 500 mM, and 1 M) in the Tris-NaCl lysis buffer
without Triton X-100. The fractions were analyzed on a 12% SDS-PAGE gel; purified fractions were
pooled, dialyzed in 1X phosphate-buffered saline (PBS) (137 mM NaCl, 10 mM Na,HPO,, 1.8 mM
NaH,PO, at pH 7.2) buffer using 10-kDa dialysis bags, concentrated by using ultrapure sucrose (Sigma),
and finally stored at —80°C in 100-ul aliquots. The expressed proteins were confirmed by Western
blotting with monoclonal anti-His antibody (Sigma). The rMSP1, (consisting of aa 1052 to 1664 of MSP1)
and rSERA5 proteins along with their specific anti-rabbit sera were based on Paul et al. and Kanodia et
al., respectively (28, 34).

Antibody generation and purification. Polyclonal antibodies against the merozoite surface/rhoptry
antigens MSP3N, MSP6C, MSP7C, and RAP2 were generated in mice and rabbits using Freund'’s adjuvants
as per the protocol described in Paul et al. (28). Total IgGs were purified from mouse and rabbit
final-bleed sera using protein A/G-agarose beads (Pierce) according to Eliasson et al. (55). Also, specific
human anti-rMSP3N, -rRAP2, -rRhopH3, and -rAARP antibodies were isolated from the pool of hyperim-
mune malaria-infected Liberian patient sera by using N-hydroxysuccinimide (NHS)-activated affinity
purification as described in Hermanson et al. (56). The purity and specificity of the purified human IgGs
were checked by reduced SDS-PAGE and Western blot analysis, and cross-reactivity of human purified
antibodies was determined by ELISA.

Immunoblot analysis of P. falciparum merozoite lysate. In brief, freshly isolated P. falciparum
merozoites were harvested and solubilized in radioimmunoprecipitation assay (RIPA) buffer and incu-
bated for 1 h on ice, and the supernatant was collected by centrifugation at 15,000 X g for 15 min. The
merozoite lysate was mixed with SDS sample buffer and boiled at 98°C for 10 min for proper separation
by SDS-PAGE. After insoluble material was removed by centrifugation (15,000 X g for 15 min), the boiled
parasite lysate was run on an SDS-PAGE gel and transferred to nitrocellulose membrane. The membrane
was incubated with mouse anti-rMSP3N (1:100) or antiserum followed by IRDye 800CW (Li-Cor) goat
anti-mouse secondary IgGs (1:5,000). The specific protein band was detected through an infrared (IR) blot
scanner (57).

Indirect immunofluorescent assay. Indirect immunofluorescence assays were performed on the
merozoite stage of P. falciparum 3D7 parasites as described earlier (12, 26, 28, 40). Parasite smears on the
glass slide were fixed using prechilled methanol-acetone for 20 min and allowed to air dry at room
temperature (RT). Slides were blocked with 3% bovine serum albumin (BSA) in PBS, pH 7.4, for 2 h at 37°C
and washed three times with PBS and PBS with Tween 20 (PBST). The primary antibodies were used at
the following dilutions: mouse anti-rMSP3N, rabbit anti-rMSP6C, and rabbit anti-rMSP7C at 1:100;
anti-rabbit rRAP2 at 1:250; human anti-rMSP3N purified antibodies at 1:500 (made in 1% BSA in PBS). The
primary antibodies were overlaid on the glass slides and incubated in a moist chamber at 37°C for 2 h,
and after appropriate washes, the secondary antibody conjugated with Alexa 484 or Alexa 584 dye was
added and incubated for 1 h in the dark. The 4',6'-diamidino-2-phenylindole (DAPI)-antifade solution was
added just before the slides were mounted with coverslips and stored at 4°C. Confocal laser scanning
IFAs were performed with an A1 confocal microscope (Nikon). Images were analyzed using Nikon NIS
Elements, version 4.0, software. Imaris file format images were created using the software Imaris, version
4.0 (Bitplane).

Immunoprecipitation reaction. Inmunoprecipitation was performed using a Pierce cross-link im-
munoprecipitation kit (ThermoFisher Scientific Inc., USA) as per the manufacturer’s protocol. Merozoites
were isolated from highly synchronized P. falciparum cultures. Merozoite lysate was prepared in IP lysis
buffer (250 mM Tris, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 5% glycerol, pH 7.4). Polyclonal rabbit and
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mouse rMSP3N antibodies were used (20 ug) to cross-link with protein A/G-agarose Plus separately and
incubated with parasite lysate (~1 mg per reaction volume). After 12 h of incubation, protein A/G-
agarose beads were washed with wash buffer, and bound proteins were eluted from the beads using the
elution buffer (Tris-glycine, pH 2.8). The experiment with each antibody was performed twice, and the
respective preimmune antibodies were used as controls.

Proteins in the immunoprecipitated samples were digested by the in-solution trypsin digestion
method. Samples were first reduced with 10 mM DTT (final concentration) for 1 h at room temperature
(RT). After reduction, samples were alkylated with 40 mM iodoacetamide (Sigma-Aldrich, USA) for 1 h at
RT in the dark. Proteins were digested by the addition of trypsin at a ratio of 1:50 (wt/wt) trypsin to
protein at 37°C overnight. After digestion, extracted peptides were acidified to 0.1% formic acid and
analyzed by an Orbitrap Velos Pro mass spectrometer coupled with a Nano-LC 1000 instrument
(ThermoFisher Scientific, Inc., USA). The raw data were analyzed using Proteome Discoverer, version 1.4,
using the SEQUEST algorithm. The proteins which were identified in at least three out of total four
experiments were chosen to be represented in Tables 1 and 2.

Protein-protein interaction analysis. /n vitro interactions between the members of the merozoite
surface proteins were examined by ELISA- and surface plasmon resonance (SPR)-based binding tech-
niques (28, 39, 40). In brief, ELISA plates were coated with 100 ng of MSP3N protein overnight (O/N) at
4°C. The next day, the ELISA plates were washed three times with 1X PBS, followed by three washes with
1X PBS containing 0.01% CHAPS (3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate). ELISA
plates were blocked with 5% milk at 37°C for 90 min and washed as described above. The recombinant
proteins rMSP6C, rMSP7C, rRAP2, and rMSP1,, at concentrations ranging from 0.5 to 8 ug/ml were made
in ELISA binding buffer (phosphate buffer) and added to the ELISA plates and incubated at 37°C for 3 h.
Antigen-specific rabbit polyclonal antibodies detected bound proteins using horseradish peroxidase
(HRP)-conjugated anti-rabbit secondary antibodies (1:3,000) in the presence of phenylenediamine dihy-
drochloride (Sigma-Aldrich) by measuring the resulting absorbance at 490 nm in an ELISA microplate
reader. All experiments were done in duplicates, and means =+ standard error of the means (SEM) were
calculated. First, rIMSP1,5 was immobilized on the flow cell CM5 sensor chip; rMSP3N at increasing
concentrations was injected over the immobilized MSP 1, as well as on the reference flow cell at a flow
rate of 20 ul min—7. Next, on the new CM5 chip, rMSP3N was immobilized, and increasing concentrations
of recombinant MSP6C, MSP7C, RAP2, and SERA5 proteins were injected over MSP3N as well as on the
reference flow cell at a flow rate of 20 ul min~'. The kinetic parameters of the interaction and binding
responses in the steady-state region of the sensorgram were analyzed using Biacore evaluation software,
version 4.1.1 (GE Healthcare).

Complex identification in postinvasion culture supernatant. Highly synchronized P. falciparum
cultures were maintained at high parasitemia, and after the invasion of the parasites into erythrocytes,
the culture supernatant was collected by centrifugation at 2,000 rpm for 5 min. The supernatants were
further centrifuged at 15,000 X g for 10 min to remove insoluble debris and then concentrated 20 times
by using a 3,000-Da Amicon filter and stored at —80°C in small aliquots. Blue native PAGE (BN-PAGE)
analysis was carried out to separate out various complexes present in the invasion supernatant. The
following protocol for BN-PAGE analysis with slight modifications was adopted from Wittig et al. (58).
Western blot analysis was carried out after BN-PAGE using various antibodies to rMSP3N, rMSP1,,
rMSP6C, and rMSP7C to find the association of these proteins to various complexes separated by
BN-PAGE analysis. The blots were developed using an ECL kit (Thermo Scientific Pierce) (59).

An enzyme-linked immunosorbent assay (ELISA) was performed as described earlier (24). Sera from
28 P. falciparum malaria patients in India and Liberia were used, while sera from 28 Danish volunteers
were used as negative controls. The mean optical density plus two standard deviations of samples from
28 nonimmune Danish volunteers was used to determine the positive threshold.

Briefly, 96-well polystyrene flat-bottom plates (Nunc-Maxisorp; Thermo Scientific) were coated with
100 wl of 5 wg/ml rMSP3N protein in carbonate-bicarbonate buffer and incubated overnight at 4°C. After
a blocking step, the wells were incubated with Indian, Liberian, or Danish serum samples (1:200 dilution)
at RT for 1 h, followed by incubation with HRP-conjugated goat anti-human IgG (1:3,000; Sigma) for 1 h
at RT. The bound antibody was detected with tetramethylbenzidine (TMB) solution (Sigma). Plates were
extensively washed between each incubation period with PBST (PBS containing 0.1% Tween).

Statistical analysis. Graphs and statistical analysis were performed in GraphPad Prism, version 7. The
single-factor ANOVA was performed using Microsoft Excel.

Invasion inhibition assay. An invasion inhibition assay was performed as previously described (28,
39). Briefly, ring-stage parasites were synchronized by sorbitol lysis and allowed to mature into schizont
stage. The hematocrit and parasitemia of 2% and 1%, respectively, were adjusted. Purified rabbit
anti-rMSP3N- and human anti-rMSP3N-specific IgGs were added to the parasite cultures in 96-well plates
at increasing concentrations ranging from 1 to 8 mg/ml for rabbit and from 2 to 7 mg/ml for human IgGs.
The cultures were incubated for 40 h to allow for schizont rupture and merozoite invasion, and the
parasitemia was counted using a fluorescence-activated cell sorter (FACS) through ethidium bromide
(EtBr) staining. The percent inhibition was calculated relative to that of preimmune serum for rabbit IgG
and RhopH3a purified antibodies from human IgG. Error bars were calculated by taking the standard
errors of the mean (SEMs) from duplicate measurements for rabbit IgGs and quadruplicate measure-
ments for human IgGs.

OPA. An opsonic phagocytosis assay (OPA) was performed as previously described (7). In brief,
ethidium bromide (EtBr)-stained Plasmodium falciparum NF54 merozoites were opsonized with human
anti-rMSP3N or control IgG at 0.035 mg/ml. Fifty-microliter aliquots of merozoites (4 X 10°) were added
to fetal calf serum-coated 96-well U-bottom plates containing THP-1 cells (1 X 17> cells/150 ul/well) and
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incubated for 40 min in a 5% carbon dioxide-humidified incubator for phagocytosis to take place.
Phagocytosis was stopped by prechilled centrifugation of plates at 500 X g for 5 min. Samples were
washed twice with ice-cold FACS buffer (PBS, 0.5% BSA, 2 mM EDTA) and then finally resuspended in 200
wul of FACS fixative (FACS buffer plus 2% paraformaldehyde) before being analyzed by a Beckman Coulter
cytometer (Cytomics FC 500 MPL). Several controls were included for each assay: (i) unopsonized
merozoites (UOP), (ii) merozoites opsonized with malaria-native immunoglobulin (NIG) from Danes, or
(iii) hyperimmune immunoglobulin (HIG) from malaria-exposed Liberian adults. Percent phagocytosis
refers to the percentage of THP-1 cells containing EtBr-stained merozoites.

Ethical approval and consent to participate. All animal experiments conducted were approved by
the Institutional Animals Ethics Committee of the International Centre for Genetic Engineering, and
Biotechnology (IAEC-ICGEB) under approval number ICGEB/AH/2015/01/MAL-74. Written informed con-
sents were obtained from patients for all Indian serum samples. Liberian and Danish serum samples were
from the collection of Michael Theisen of Statens Serum Institut, Copenhagen, Denmark.
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